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ABSTRACT
Wesimulatelong-periodnear-sourcegroundmotionsdueto hypotheticaleventson

astrike-slipfault (Mw 6.9)andaburiedthrustfault (Mw 7.0).Weincludethedynamics
of the ruptureprocessusinga modelof sliding friction. Thedirectivity of the rupture
createslarge displacementandvelocity pulsesin the groundmotionsin the forward
direction.For thestrike-slipfault thepeakvaluesoccurnearthetip of thefault,while
for theburied thrustfault thepeakvaluesoccurup-dip from the top of the fault. The
accelerationresponsespectrain the2.0secto 3.0secrangeexceed1.0g nearthestrike-
slip fault in the forward direction, and 0.5g up-dip from the top of the thrust fault.
Theseresultsquantifythethreatposedto long-periodstructuresnearfaults.

INTRODUCTION
Several recentearthquakes,suchasNorthridgeandKobe,have demonstratedthe

importanceof understandingthe relationshipbetweenhow faults ruptureandthe re-
sulting groundmotions. Thesemoderateearthquakesoccurrednearlarge centersof
populationandcausedsubstantialdamage.We focuson improving our understanding
of near-sourcegroundmotionsby includingthedynamicsof theruptureprocessin the
simulationsthrougha modelof sliding friction on the fault surface. Theseruptures
with dynamicfailure producecomplex behavior that is not easily incorporatedinto
prescribedruptureswith specifiedsourceparameters(Aagaard1999). While we have
examinedmany hypotheticalscenariosonastrike-slipfault anda thrustfault (Aagaard
1999),here,we presentonly onescenariofor eachfault in orderto illustratemany of
thegeneralfeaturespresentin thesimulations.

METHODOLOGY
We solve for the groundmotion time historiesusing the three-dimensional,dy-

namic,elasticityequation.Using thefinite-elementmethod(thedetailsmaybefound
in Rao(1999)or otherfinite-elementtexts), we turn theelasticityequationinto a ma-
trix equationandcomputethe groundmotionsfor periodsgreaterthan2.0sec. Aa-
gaard(1999)providesa detaileddiscussionof the methodology. The highly variable
nodespacingandminimal storagerequirementsof the tetrahedralfinite-elementwith
four nodesallow efficientmodelingof domainswith heterogeneousmaterialproperties
(Baoet al. 1998). We numericallyintegratethematrix differentialequationusingthe
centraldifferencescheme,becauseit requiresminimal computationeffort andis well-
suitedfor parallelprocessing.Simulationsthat involvemillions of degreesof freedom
requiregigabytesof memoryandbillions of floating point operations.Parallel com-
puting providesa suitableenvironmentfor solving suchproblemsby distributing the
memoryandcomputationamongmany processors.

We build the fault planeinto thegeometryof thefinite-elementmodel. Eachfault
nodehassix translationaldegreesof freedomthat aresplit suchthat eachsideof the
fault hasthe usual threetranslationaldegreesof freedom. By transformingthe de-
greesof freedomonthefaultplaneto relativeandaveragedegreesof freedom,wegain
control of the friction stresson the fault. We do not needto know the initial stresses



throughoutthedomainto modelthewave propagationor to simulatethedynamicfail-
ure on the fault; we only needto know the initial stressesactingon the fault surface.
Wegeneratethesestressesfrom auniformstrainfield.

Wechooseto useasimple,adhocfriction modelthatproducesrealisticrupturebe-
havior andcapturesthegeneralfeaturesof morecomplicatedmodels.Thecoefficient
of friction in this slip-weakeningfriction modeldecreaseslinearly over somecharac-
teristicslip distance,Do, asshown in figure1. We usea characteristicslip distanceof
0.3m. Wecomputethefriction stressfrom theproductof thenormalstresson thefault
andthecoefficient of friction, wherethenormalstressequalstheoverburdenpressure.
In orderto createrelatively uniform distributionsof slip with depth,thecoefficient of
friction decreasesastheratioof thesquarerootof theshearmodulusto thedepth.The
valuesof umaxandumin vary from 0.16and0.023at thegroundsurfaceto 0.034and
0.0048at adepthof 15km.
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Figure1: Slip-weakeningfriction model.

RESULTS
We studythe characteristicsof the rupturebehavior andthe resultinggroundmo-

tionsonastrike-slipfaultandashallow dippingthrustfault in a layeredhalf-space.We
alsocomputeresponsespectraat selectedlocations.

Strike-SlipFault
Thegeometryof thestrike-slipfault roughlymatchesthecombinedfault segments

that rupturedin the June1992Landersevent. We enclosethe 60km long and15km
wide fault in adomain100km long,40km wide,and32km deepasshown in figure2.
Figure 3 shows the massdensity, shearwave speed,and dilatationalwave speedas
a function of depthin the layeredhalf-space.The finite-elementmodelcontains6.3
million degreesof freedomand10million elements.

Wederivetheinitial sheartractionsonthefaultsurfacefrom applicationof uniform
shearstrains.We initiate the ruptureusinga circularasperitylocated14km from the
endof the fault (labeledH in figure 2), wherethe shearstressesinside the asperity
exceedthefailurestressesby 2%. Therupturepropagatesacrossthefault at a rupture
speedbetween75% and90% of the local shearwave speedin the directionof slip.
Weattributethevariationin therupturespeedto anincreasein themaximumslip rates
asthe ruptureapproachesthe groundsurfaceandencountersa reductionin stiffness.
Figure4 shows thedistribution of thefinal slip. Theaverageslip of 1.9m corresponds
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Figure2: Domaingeometryfor thestrike-slipfault.
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Figure3: Massdensity(ρ), shearwave speed(S),anddilatationalwave speed(P) asa
functionof depthin thelayeredhalf-space.

to amomentmagnitudeof 6.9.Theregionwherethefinal slip exceeds3.0m coincides
with thelocationsthataresubjectedto asecondslip eventassociatedwith thereflection
of theruptureoff thegroundsurface.This appearsto distort thefinal slip from a more
uniformdistribution.

The distributionsof the maximumhorizontaldisplacementsandvelocitiesin fig-
ure5 clearlyshow theeffect of thedirectivity of the rupture.Both themaximumdis-
placementsandvelocitiesincreasealongthestrikeof thefaultaway from theepicenter
until theendof the fault wherethey begin to decay. On thegroundsurfacethemaxi-
mumdisplacementsexceed1.0m over anareaof 1200squarekilometerswith a peak
valueof 3.0m, andthemaximumvelocitiesexceed1.0m/secoveranareaof 550square
kilometerswith apeakvalueof 3.5m/sec.Themaximumdisplacementsexhibit amore
gradualdecayaway from thefault thanthevelocitieswhich displaya teardropshape.

We now examineaccelerationresponsespectraat sitesS1andS2(seefigure2 for
locationsof thesites). We rotatethewaveformsinto thedirectionwith themaximum
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Figure4: Distributionof final slip ateachpointonthestrike-slipfault. Theblackcircle
indicatesthehypocenter.

Figure5: Maximum magnitudesof the horizontaldisplacementandvelocity vectors
at eachpoint on the groundsurface. The white line indicatesthe projectionof the
strike-slipfault ontothegroundsurface,andthepurplecircle identifiestheepicenter.

peakto peakvelocity. Thedirectivity of therupturecauseslargedisplacementandve-
locity pulsesat site S1, while the velocity amplitudesat site S2 areaboutfour times
smaller. Theaccelerationresponsespectrain figure6 reflectthis disparity. Thespec-
trum for site S1 lies between0.6g and0.8g for periodsbetween1.5secand3.5sec,
while the entirespectrumfor site S2 is below 0.2g. Figure7 shows the acceleration
responsespectrafor periodsof 2.0sec,3.0sec, and4.0secalongthe north-southline
alongthe top of the fault andthe east-westline acrossthe north tip of the fault. The
spectraalongthenorth-southline increasealongthestrike of the fault away from the
epicenterdueto the directivity effect, andthey decayrapidly at the endsof the fault.
Theresponsespectrumfor a periodof 2.0secexceeds1.0g alongthenorthernhalf of
thefault with a peakvalueof 1.4g. Thespectraalongtheeast-westline decayrapidly
with distancefrom thefault.

4



 1  2  3  4  5  6  7  8  9 10 11 12
0.0

0.2

0.4

0.6

0.8

1.0

Period (sec)

A
cc

el
er

at
io

n 
(g

) Site S1
Site S2

Figure6: Horizontalaccelerationresponsespectraat sitesS1andS2for thestrike-slip
fault.
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Figure7: Horizontalaccelerationresponsespectrafor threeperiodsalongthe north-
southline runningalongthestrike-slipfault (left) andalongtheeast-westline running
acrossthenorthtip of thefault(right). Thethick linesatthebottomindicatetheposition
of thefault surfaceandthedot identifiestheepicenter.

ThrustFault
ThethrustfaultcloselyresemblestheElysianPark faultunderneathLosAngelesas

describedby Hall et al. (1995). We bury the28km long and18km wide fault 8.0km
below thegroundsurface.We imposesheartractionson thefault thatdips23 degrees
to thenorthto generateobliqueslip with a rake angleof 105degreesfrom thestrike to
thewest.Weusethesamedepthvariationof thematerialpropertiesasin thestrike-slip
case.Thefinite-elementmodelcontains5.1million degreesof freedomand7.7million
elements.

Therupturebegins4.0km up-dip from thebottomof thefault alongthefault cen-
terline(locationH in figure8) andpropagatesat approximately88%of thelocal shear
wave speedin thedirectionof slip. Theruptureproducesanearthquake with anaver-
ageslip of 1.6m anda momentmagnitudeof 7.0. The8.0km depthof the top of the
fault andtheshallow dip causethemaximumhorizontaldisplacementsandvelocities
at thesurfaceto occur5.0km up-dip from thetop of thefault asshown in figure9. A
dependenceof therupturespeedon thedirectionof propagationrelative to theslip di-
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Figure8: Domaingeometryfor theburiedthrustfault.

rection(Madariagaet al.1998;Aagaard1999)causeslargevelocitiesabove thelateral
edgesof the fault. On the groundsurfacethe maximumvelocitiesexceed0.5m/sec
over anareaof 830squarekilometerswith a peakvalueof 1.1m/sec.A large,single
pulsein displacementandacorrespondinglarge,doublepulsein velocitydominatethe
groundmotionsin theforwarddirection.Thegroundmotionstowardthenorth(back-
ward direction)do exceed0.5m/secin someareasdue to the bilateral natureof the
latterportionof therupture.

Figure9: Maximummagnitudesof thehorizontalandverticaldisplacementvectorsat
eachpoint on thegroundsurface.Thewhite line indicatestheprojectionof thethrust
fault ontothegroundsurface,andtheyellow circle identifiestheepicenter.

We computethe responsespectraat sitesS1 and S2 (seefigure 8 for locations
of the sites)following the sameprocedurethat we usedfor the strike-slip fault. The
horizontalaccelerationresponsespectrashown in figure10 illustratetheseverity of the
groundmotionat siteS1comparedto thegroundmotionat siteS2. Thespectrumfor
siteS1displaysa broadpeakof 0.45g, while thespectrumfor siteS2is relatively flat
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with a level below 0.17g. Figure11displaystheaccelerationresponsespectrafor three
periodsalonganorth-southline over thecenterof thefault andalonganeast-westline
above the top of the fault. As in the caseof the strike-slip fault, in the north-south
direction the spectraclearly show the effect of directivity with the largestvaluesin
the forward direction. The responsespectrumfor a periodof 2.0secpeaksat a value
of 0.57g at a location4.2km up-dip from the top of the fault. Along the east-west
direction,thelargestvaluesoccurabove thetop cornersof thefault dueto thebilateral
natureof the latterportionof the rupture. Theslip directionwith a rake angleof 105
degreescausesslightly larger spectralvaluesabove the eastcornercomparedto the
westcorner.
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Figure10: Horizontalaccelerationresponsespectraat sitesS1 andS2 for the thrust
fault.
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Figure11: Horizontalaccelerationresponsespectrafor threeperiodsalongthenorth-
southline runningover thecenterof thethrustfault (left) andalongtheeast-westline
running over the top of the fault (right). The thick lines at the bottom indicatethe
positionof thefault surface.

CONCLUSIONS
Dynamic rupturesimulationscanproducephysically realistic rupturesand long-

period earthquake groundmotions. We needto know the initial conditionsand the
friction model,but not thecomplex relationshipsbetweentherupturespeed,slip rate,
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andfinal slip. On boththestrike-slipfault andthethrustfault, themaximumdisplace-
mentsandvelocitiesclearly show the effect of the directivity of the rupture. For the
strike-slip fault thepositive reinforcementof theshearwave by therupturecausesthe
displacementsandvelocitiesto increasealongthe fault away from theepicenteruntil
theendof thefault wherethey decayrapidly with distance.Theshapeof theacceler-
ationresponsespectraexhibits similar features.For theburiedthrustfault theshallow
dip of thefault causesthemaximumdisplacementsandvelocitiesto occurup-dipfrom
the top of the fault. The dependenceof the rupturespeedon the directionof propa-
gationrelative to the slip directionleadsto the bilateralbehavior of the latter portion
of therupture.This causeslocally largevelocitiesabove the lateraledgesof thefault.
Thelargevaluesin theresponsespectraat periodsbetween2.0secand3.0secsuggest
that the near-sourcegroundmotionsplacelarge demandson structureswith periods
in this range.Becausethe large displacementandvelocity pulsesassociatedwith the
near-sourcegroundmotion occuracrossa broadrangeof scenarios(Aagaard1999),
we concludethat near-sourcegroundmotion posesa threatto long-periodstructures,
especiallythosewith periodsin therangeof a few seconds.
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